Subfractions
isolated from intact purified spinach chloroplasts are able to prenylate the aromatic moiety of cY-tocopherol and plastoquinone-9 precursors.
The biosynthesis of a-tocopherol and plastoquinone-9 is a compartmentalized process. The chloroplast envelope membranes are the only site of the enzymatic prenylation in a-tocopherol synthesis whereas the thylakoid membrane is also involved in the prenylation and methylation sequence of plastoquinone-9 biosynthesis.
A very active kinase which forms phytyl-PP is localized in the stroma.
Phytol but not geranylgeraniol is the polyprenol precursor of the side chain of a-tocopherol in spinach chloroplasts.
a-Tocopherol (aT)' plays an important role as a constituent of the chloroplast membranes and this compound has been shown to be synthesized within the chloroplast (1) . The two methylation steps involved in aT synthesis are specifically localized at the envelope membrane (2) . Plastoquinone-9
(PQ-9, see Appendix) has not only a function as electron carrier between the two photosystems which are localized in the thylakoids, but is also a constituent of the chloroplast envelope (Deuce and Soll, unpublished data). These findings strongly suggest that the envelope is a carrier of other enzymes involved in PQ-9 and aT synthesis, e.g., the enzymatic prenylation of homogentisic acid, either with a C,,-polyprenol in the case of PQ-9 or a C2,-terpenol in the case of aT synthesis. Homogentisate is an intermediate of the shikimate pathway which also occurs within the chloroplast (3) .
The chloroplast envelope is a continuous boundary of two osmiophilic membranes, and galactolipid synthesis is located in this chloroplast compartment (4 to give Me-6-PQH, (reaction A). When stromal and membrane fractions were combined the rate of Me-6-PQH, is not stimulated. The findings show that the enzymes of prenylation are bound to the envelope membrane. The incorporation rate was 26 pmol/h x mg envelope protein. In marked contrast to the envelope fraction, the prenylation activity was negligible in the thylakoid and stromal fraction (Fig. 1) .
When phytol and ATP (reaction B) are used instead of phytyl-PP the rate of synthesis of Me-6-PQH, is equal to that of phytyl-PP alone but for this reaction stroma protein is necessary (Fig. 2) . In additional experiments with phytol and [Y-"~P]ATP a kinase was found to be located in the stromal fraction. Thus, when 100 PM phytol and 1 PM ATP (sp act 0.30 pCi/nmol) in a solution of 3.8 mg stroma protein in medium C were incubated as described under Material and Methods, the conversion rate of phytol to phytyl-PP was 1.5 pmollh x mg stroma protein. Envelope or thylakoid membranes were not able to perform this reaction. and phytol-PP, neither Me-5-PQH, nor Me-3-PQH, but only Me-6-P&H, was detected as labeled product after rechromatography on system VI. A light effect was observed in the control (Fig. 3) . This indicates that not enough ATP is synthesized in the dark, while under illuminated conditions the concentration of endogenous ATP (synthesized by photophosphorylation) is high enough to reconstitute the synthesis of phytyl-PP. Both the prenylation and methylation were demonstrated either with broken chloroplasts (see Material and Methods) or with chloroplast subfractions. The prenyltransferase activity described above uses only phytol-PP as precursor, but not geranylgeranyl-PP.
In contrast, the methyltransferase shows a 3:l preference for the geranylgeranyl-substituted derivative in the reaction Me-6-prenyl-QH2 + 2,3-Me,-prenyl-QH, (for details see (2, 13) The alcohol involved in PQ-9 synthesis is solanesol, a C,,-polyprenol (reactions E, F). The yield of Me-6-SQH, from homogentisate and solanesyl-PP was lower than for the corresponding Me-6-PQH, synthesis. In this case the prenylation is not only due to the envelope but also to the thylakoid membranes (Fig. 4) . The conversion rate was 1.2 pmol/h x mg envelope protein and 0.013 pmol/h x mg thylakoid protein. Stroma protein had no enzymatic activity involved in the prenylation reaction (Fig. 4) . When a recombinated system of envelope and stroma protein was used in experiments with [3H]homogentisate and solanesyl-PP sometimes no incorporation in Me-6-SQH, was detected. This might be due to a phosphatase (Fig. 4) . Under the present conditions as described under Material and Methods the chloroplast fragments and their recombinations were not able to form solanesyl-PP from solanesol and ATP. Me-6-SQH, was used as precursor to locate the methyltransferase activity to yield PQH,-9 (reaction G). The envelope (10 pmolih x mg envelope protein) and also to a small extent the thylakoid membranes (0.35 pmol/h x mg thylakoid protein) are able to catalyze the introduction of a methyl group from SAM into Me-6-SQH, to give PQH,-9 (Fig. 5) . Stroma protein is again not involved. When stromal and membrane fractions (thylakoid and envelope membrane) were combined the rate of PQH,-9 synthesis was not stimulated (Fig. 5) ous report in which the methylation of aT precursors is localized at the envelope membrane (2) . A contamination of thylakoids by envelope membrane was not likely. They were washed twice prior to use and there was no contamination detectable in experiments on tocopherol synthesis.
DISCUSSION
The enzymes involved in a-tocopherol synthesis are placed in the chloroplast envelope. The prenyltransferase and the methyltransferase activity are bound tightly to the envelope membrane. Furthermore the synthesis of geranylgeraniol and geranylgeranyl-PP from isopentenyl-PP is performed by a recombinated system of envelope or thylakoids plus chloroplast stroma (soluble protein) (12) . The compartmentation of the synthesis of homogentisate from hydroxyphenylpyruvate
is not yet clarified in spinach chloroplasts. Phytol should be originated from geranyIgeranio1 or its pyrophosphate by the reduction of three double bonds (16, 17 chloroplast subfractions.
Furthermore in the tocopherol synthesis, the cyclization of 2,3-Me,-PQH, to YT was only detected in intact chloroplasts (1) .
A very important result is the specificity of the prenyltransferase which uses phytyl-PP as polyprenyl component and not geranylgeranyl-PP.
In the methylation of Me-6-P&H, and Me-6-GGQH, a preference for the GG derivate was found (2, 13) . In plants with a tocotrienol pathway (i.e., Hevea, wheat, barley (18)) geranylgeranyl-PP may form the prenyl side chain and not phytyl-PP. The preference for the Me-6-GGQH, in comparison to Me-6PQH, for the methylation step in higher plants like spinach might be an "ancient relic" while the really specific point developed during evolution became the enzymatic prenylation.
Furthermore, only one isomer among two or three possible ones is formed at each step in the biosynthesis of aT. As it was shown under Results, only Me-6-PQH, and not
Me-5-PQH, or Me-3-PQH, is formed by the homogentisate decarboxylasepolyprenyltransferase. In the following reaction the methyltransferase is specific to Me-6-PQH, (1). The resulting biosynthetic sequence and its compartmentation for aT and PQ-9 is shown in Fig. 6 . Plastoquinone-9 synthesis takes place at both the thylakoid and the envelope membrane. Stroma protein had no stimulating effect. The sequence of PQ-9 synthesis is similar to that of crT. First, homogentisate is prenylated with a polyprenyl-PP, in this case solanesyl-PP. Me-6-SQH, is formed as only position isomer. It is methylated with SAM as cofactor to yield PQH,-9. A low enzymatic activity was found at the thylakoid membranes. Because of the high thylakoid to envelope protein ratio in the chloroplast (about 5O:l (ll)), the rate of PQ-9 synthesis by the thylakoids in total is not as different from the envelope ones as it is calculated on the basis of specific activity per milligram of protein. As confirmed under Results, a contamination of thylakoids with envelope membranes could be excluded.
The chloroplast envelope contains all the enzymes involved in the prenylquinone synthesis. This is important during the thylakoid biogenesis, because then massive biosynthesis of the two prenylquinones should occur at the envelope. (YT is needed as membrane constituent of the thylakoid, PQ-9 as electron carrier between the two photosystems in the thylakoids. Transport of PQ-9 and (YT from the envelope to thylakoids may happen as membrane flow as proposed in Refs. (4, 19 
